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SUMMARY

The serodynamle characteristics of several noncilrculsr two-dimensional
eylinders with axes normsl to the stream at various flow incidences (anal-
ogous to angles of attack of & two-dimenslonsl airfoll and obtained by
rotating the cylinders sbout their axes) for a renge of Reynolds numbers
have been determined from low-gspeed wind-tunnel tests. The results indi-
cate that these paremeters have rather large effects on the dreg and side
force developed on these cylinders. The slde force is especlally critical
and very often undergoes s change in sign with a change in Reynolds num-
ber. Since the flow incidences correspond to combined angles of attack
end sideslip in the crossflow plane of three-dimensional bodies, these
two-dimensional results appear to have gtrong implications with regard to
directlonal stability of fuselages at high angles of attack. These impli-
cations, slong with those associsted with the spin-recovery characteristies
of alrcraft, are briefly discussed.

INTRODUCTION

Because of the current trend towerd low-aespect-ratlio wings and large-
volume fuselages wilth long nose lengths, the relative importence of the
fuselage contribution to the aerodynemic characteristics of aircraft con-
figurations 1s increasing repidly. In addition, considerations such as
inlet locations, engine installations, and wing-fuselage interference
have led to a variety of fuselage cross sections. As indicated in refer-
ence 1, for example, cross sectlion can have considersble effect on both
the longltudinal and lateral serodynsmic characteristics, especilally at
high angles of attack. Large effects of cross section have also been
obgerved in spin investligatione such as that reported in reference 2
where the cross section of the fuselage afterbody waes varied. In view
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of the trend toward increased fuselage length shead of both the cenbter of
gravity and the wing, it might be expected that the spin characteristics
of current aircraft would be affected to an even greater extent by changes
in forebody cross section. Although the effects of fuselage cross sectlion.
on the flow field in the vicinlty of the empennage have lerge effects on
staebllity, large effects have also been traced to direct fuselage forces.
Thus, & better understanding of the effect of cross sectlion on the fuse-
lage forces, especially at combined angles of attack and sideslip, is
believed to be of value to the airecraft designer. Since, even for clrecu-
lar cross sectionas, a large part of the forces encountered are assoclated
with crossflow separation, it would sppear that empirical methods, such
as those developed in references 3 and 4, must be resorted to at the
present time. In these methods the flow past the body is resolved into
two components, one parallel to the body axls and one normsl to it. It
is then agsumed that the crossflow is Independent of the axial flow and
therefore related to the flow about & cylinder at right angles to the
flow. However, for the extremely high angles of attack often encountered
in spins, the problems involving the degree of interdependence between
the crossflow and axial flow (see ref. 5) are largely eliminated. For
both these methods, 1t 1s necessary to have & knowledge of the forces on
a two~dimensional cylinder normal to the flow and having the same cross
section as the fuselage 1n question. For a circular fuselege et any
attitude or noncircular fuselages 1ln a pure plteh or sideslip attitude,
only the crossflow drag of the corresponding cylinder need be known, and
a considersble emount of this informastion is available (refs. 6 and 7).
However, for noncircular fuselsges at combined angles of attack and side-
slip, the resultant force on the equivalent cylinder at a flow incildence
corresponding to the combined angle of attack and sideslip must be known.
For the most part, availeble two-dimensional-cylinder date for shapes
other than airfoil and elliptical (ref. 8) are limited to zero flow inci-
dence. One exception 1s the results for the trienguler cylinder of refer-
ence 7; however, these date are limited to rather low Reynolds numbers.

The purpose of the present investigetion, therefore, is to determine
the forces on several nonclreculer two-dimensionel cylinders wlth axes
normal to the stream atvarious flow incidences (analogous to angles of
attack of a two-dlimensional airfoll and obtalned by rotating the cylinders
about their axes) for a range of Reynolds numbers and to make a limited
correlation with three-dimensional bodies at combined angles of attack
and sideslip.

SYMBOLS .

The convention used with regard to flow inclinstion, cylinder refer-
ence dimensions, and the direction and positive sense of the aerodynamic
coefficients are presented in flgure 1. The aerodynamlc coefficlents and
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Reynolds numbers have been corrected for the effects of the wind-tunnel
walls by the method of reference 9. The definitions of the symbols used
throughout the paper are as follows:

A

b

b

ca

t UQ{"

o~

=

maximum fuselage cross-sectional aresa

maximum projected width of cylinder normal to flow for given
flow inecidence

meximum width of cylinder normal to flow at zero flow
incidence

section drag coefficlent,
Force in stream direction per unilt length

e

yewing-noment coefficlent of fuselage

maximum depth of cylinder parallel to flow at zero flow
incidence

section longitudinal-force coefficient,
Longltudinal foree per unit length
P, 2
bo§vh

Side forece
P
§v2A
Side force per unlit length
2
bogn

slde-force coefficient of fuselage,

section slde-force coefficlent,

section side-force coefficient based on cg4
mexlimum diemeter of fuselage

total length of fuéelage

length of fuselege rearward §f center of gravity
Msch number

Reynolds number

corner radius
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S effective gide area of fuselage

v free-gtream velocity for three-~dimensionsal bodies

v, free-stream velocity for cylinders normal to flow (see fig. 1)
or veloclty component normal to axis of three-dimensional
body

X,¥,2 Cartesian coordinates of fuselage (see table I)

o angle of attack of fuselage

B angle of sideslip of fuselage

free-stream alr dengity

¢ angle of flow incidence in plane normal to axis of two-
dimensionel cylinder or three-dimensionsl body

Q rate of spin . _
MODELS AND EQUIPMENT

- Detalls of the cross section of each cylinder tested are presented
in figure 2(a), and a photograph (taken from the downstream side) of the
cylinder having a modlfied trisnguler cross section mounted in the wind
tunnel is shown in figure 2(b). The models were constructed of mshogeny
and were lacquered to produce smooth surfaces. The square cylinder
having the small corner radii was mede considerably larger than the other
cylinders in order to meke possible the atteinment of supercritical
Reynolds numbers, which would be expected to be considerably higher for
this shape than for the cross sections having the larger radii (ref. 6).

The cylinders were tested in the Langley 300-MPH T7- by 1l0-foot
tunnel, end they spanned the tunnel from floor to ceiling (fig. 2(b)).
In order to minimize any effects which might be caused by alr leskage
through the small clearance geps where the cylinders passed through the
floor and celling, each of the cylinders was equipped with en end plate
(fig. 2(b)). The forces and moments developed on the cylinders were
measured by means of a mechanlcsel balance system.

In order to determine the degree to which the side-force character-~
1stics of the two-dimensional cylinders might be indicative of the
directional stabllity cheracteristics of three-dimensional bodles at
high angles of attack, three fuselages were also tested in the 300-MPH
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T- by 10-foot tunnel. Deteils of the fuselages, all of which had the
same longltudinel distribution of cross-sectional sresa, are presented

in table I. The fuselages had constent sectlions from %= 0.3200 +to

~% = 0,7534, and for the rectangulesr fuselages the sections were identicael
to those of the two-dimensionasl cylinders. Forward and rearward of this
constant section, there was & gradual transition to s circular cross
sectlon.

RESULTS

The basle data are presented in figures 3 to 8 as & function of
Reynolds number. The clircular cylinder was included in the investiga-
tion to provide an end point for the cormer-radius series and to afford
a comparison with previous investigstions to determine whether any
serious interference effects existed nesr the walls because of the gaps
and end pletes. The results for the circular cylinder of the present
investigation are compared with the results of references 10 and 11 and
the agreement shown (see fig. 3) indicates that no serious interference
effects existed, and this fact is also assumed to be true for the non-
circular cylinders of the present investigation. Because of the small
size of the ecylinder of reference 11, supercritical Mach numbers
(M > 0.4) were encountered at Reynolds numbers beyond that indicated
by the tick.

The basic data for the noncirculer cylinders are presented in fig-
ures 4+ to 8, where both the sectlon longltudinal-force coefficient c,
and the section side-force coefficlent cy are presented as functions
of Reynolds number for various angles of flow incidence ¢. The body
axes rather than the wind axes were used for presentation of the data
in order to simplify the estimation of the stabllity characteristics
of fuselages, since the currently preferred prectice 1s to relete fuse-
lage characteristics to the body axes. It is Important to keep in mind
that for all the basic data (figs. 4 to 8) the aerodynamie coefficlents
are based on by, the maximum cylinder width normsl to the stream at
¢ = 0° (fig. 1). Although the side force at small and moderate flow
incidences is usually more dependent upon the depth c,, the width was
used to provide conslstency between ¢y and Cyre However, in some of
the summery figures, the side-force coefficlents are based on ¢y in

order to 1llustrate certain points and these coeffieclents will be indi-
cated by the use of a prime.

Data for the sgquare cylinders were obtalned only for flow inecidences
up to ¢ = 450 ingsmuch as the dats for other angles can be obtalned by
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properly converting the angles and forces. However, for the rectanguler
and triangular cylinders, data haed to be obtained wp to. ¢ = 90°. 1In

presenting the data for the rectangular cylinder, however, it was believed

that applicetion to fuselages at high angles of attack might be faecili-
tated by presenting the data for flow-incidence ranges from 0° to 45° for
8 rectangular cylinder with its msjor axis parallel to the stream (cor-
responding to a deep fuselage) at ¢ = 0° and for a rectangular cylinder
with its major axls normal to the stream (corresponding to a shallow
fuselage) at ¢ 0°. Of course, data for the complete range of flow
incldences can be obtained by converting incldence angles, exchanging
force coefficlents, and correcting for the coefficient reference lengths.

The Reynolds number used throughout the present investigation 1s
based on the velocity V, and on the maximum depth of the cylinder

parallel to the velocity at ¢ = 0°.

It should be polnted out that the Reynolds number veriation was
obtained during the Increasing-veloclty portion of the test. As the
tunnel velocity was reduced, however, a hysteresls effect was sometimes
observed which appeared to reduce the eritical Reynolds number by as
much as 200,000 in some cases. Since 1t was rather difficult to hold
the tunnel velocity in the reglon of the critlcal Reynolds number, the
veloclty pulsations combined with the hysteresis effect may have had .
some effect on the plateau observed in the dete in the transition region
(See figs. 4(a) and 4(b).)

DISCUSSION

In this section, a limlted discussion of the appllication of the
results of this investigation is presented. This discussion consists
of some brief remsrks with regerd to the effects of Reynolds nunber and
cross sectlon on the drag and side-force coefficlents of two-dimensional
cylinders and the implications of these results with regard to the sta-
bility of eircraft at large angles of attack such ag those encountered
in spins.

Drag of Two-Dimenslonal Cylinders

The section drag coefficient of square cylinders of various corner-
radius ratios r/bo) at ¢ = are plotted against Reynolds number

in figure 9(a). The results for the cylinders having mﬁi = 0.080 and 0.245

o]
are from the present Investigation, whereas the results for the other
cylinders were obtained from reference 6. The results presented in the

':l

g
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upper plot of figure 9(a) indicate a rather large effect of corner radius
on both the section drag coefficient and the critical Reynolds number;
both increase as the radius 1s decreased. This Increase is, of course,
agsociated with the more pronounced separation at the corners caused by
the Increassing severity of the adverse pressure gradients as the radius
is reduced. The rather large effect of radius on the critical Reynolds
number makes 1t somevhat difficult to predict, by interpolation, the
drag variation for radill other than those presented. In an attempt to
alleviate this situmstion, the eritlical Reynolds numbers have been forced
to coincide by means of an empirical factor applied to the Reynslds num-
ber, and the data have been replotted in the lower pert of figure 9(=).
It appears that, for the usual engineering accuracy required, only a
vertical interpolation need be made to obtain the drag variation for eny

radius between .Dl = 0.080 and 0.333.
(o}

Figure 9(b) presents the results for the diamond cylinders - that
18, the same square cylinders rotated 459 to the stream. Although the
section drag coefficlent is based on the maximum width normal to the
stream b, the corner radil are nondimensionalized by by for convenience

in comparing the results with those from figure 9(a). For this condition,
1t will be noted that, although the corner radius has a large effect on
the critical Reynolds number, it has only & slight effect on the magni-
tude of the sectlon drag coefficlent at subcrlitical Reynolds numbers, at
least for values of r/bo less than 0.%33. The subcritical drag char-
acteristics of the diamond cylinders are therefore considerably different
from those of the square cylinders. Also, the drag charascteristlies of
the eilrcular cylinder are more similer to those of the diamond cylinders
(fig. 9(b)) than those of the square cylinders (fig. 9(a)). TFor example,
both the circular end diamond cross sectlons exhibit a gradual transi-
tlon from suberltical to supercritical flow conditions, whereas the square
cylinders exhibit a rapid transition for the range of radll investigated.
Some of these observatlions may be expleined, to some extent at least, by
the theoretical pressure distributions presented in figure 10. These
digtributlions were celculated by the method of reference 12. The pres-
sure distributions indicate, as might be expected, that the general
character of the flow about the dismond cross section with round corners
is considerebly more similar to the flow gbout the elrcular cross section
then ebout the square cross sectlon with round corners. In view of this
similarity, 1t 1s not surprising that the general drag characteristics

of the clrcular cylinder are simllar to those of the diamond series. The
extreme adverse pressure gradients encountered on the dismond cross sec-
tion, desplte large corner radii, would lead one to believe that the
breakewsy point is very near the positlon of meximum width end probably
accounts for the fact that the subcritical drag is relstively independent
of corner radius and 1s consideregbly higher than that for the circular
cylinder (fig. 9(b)). The transition in suberitical dresg characteristics
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petween the square cylinders, which are extremely sensitive to cormer
radius, and the dlamond cylinders, which are relatively insensitive to
corner radius, is shown in figure 1l. In this figure the sectlon drag
coefficient, which 1s based on the respective maximum projected wldths )
normael to the flow b, 1s plotted as a function of the incidence of R
flow ¢ for various corner radii; the squere cyllnders correspond to

g = 0° and the diamond cylinders correspond to ¢ = 45°. In addition to
the results of the present investigation, the variation of e¢3 wilth

for sharp corners (gl = 0), as obtained from reference 13, is presented.
o

The results from reference 6, which were obtained only for ¢ = 0° and 450,
are also presented. The data indicate & rather rapld reduction in dreg
essociated with en increase in incidence @ over a moderate renge with
the minimum drag occurring at different values of ¢ depending upon the
corner radius. The effect of corner radius diminishes rapidly as the

drag rises beyond the incidence for minimum drag, and for incidences

above sbout 300 there 18 essentially no effect of corner radius.

For the drag characteristics of cylinders having other shapes, the -
reader 1s referred to figures 6, 7, and 8 and references 6, 7, and 8. -

Side Force Developed on Two-Dimensional Cylinders

A knowledge of the side forces developed on various two-dimensional -
eylinders for s range of flow incidences and Reynolds numbers might be
valuable in predicting, at least qualitatively (by crossflow methods
gimilar to those of refs. 3 and L), the directionasl stablllity character-
igtics of alrcraft fuselages at high angles of attack. This information
should be particularly useful in the case of spimning where extremely
high sngles of attack are often encountered, since for these conditions
the effect of the axlal flow on the crossflow is minimized. It should
be kept in mind that the flow-incldence angle ¢ corresponds to the
incildence of the crossflow component of the free-stream veloclty about
& three-dimensional body at various combinations of angle of attack o
and angle of sideslip B. For example, at a given angle of sldesllp, a
smell value of @ corresponds to a lerge angle of attack whereas a large
value of ¢ corresponds to a small angle of attack. The actual relation-
ships will be discussed in the section entitled "Directlonal Stabllity
and Spinning Characteristics of Three-Dimensionsl Bodies."

In figures 4 to 8, the basic section dats obtalned for the various
noncircular two-dimensional cylinders shown in figure 2(a) are presented
as a function of Reynolds number for various values of the flow inci-
dence ¢. Note that Reynolds number, cross section, and flow incidence -
all have a rather large effect on the slde force developed by two- .
dimensional cylinders. Some of the more striking effects are illustrated -
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in figure 12, where comparisons of varilious cross sections are made for

a flow incidence of 10°. In the upper plot of figure 12(a) the veria-
tion of section side-force coefficlent with Reynolds number 1s presented
for the two square cylinders - one having & corner-radius ratlo (r/bo)
of 0.080 and the other having & corner-rsdius ratio of 0.245. The
results indicate that positive values of side-force coefficient (corre-
sponding to a negatlve lift-curve slope for a two-dimensionsl airfoil)
are developed at the lower Reynolds numbers for both of the square
cylinders. Above a Reynolds number of sbout 650,000, the square cylinder
having the corner-radius ratio r/bo of 0.245 develops a large negative
side-force coefficient (corresponding to a positive lift-curve slope)
which is in feir agreement with the theory for a flat plate (-2x sin ¢).

The large effect of Reynolds number can be gqualltatively explained
by the following sketches which are based on tuft surveys:

~ l V- N

-~ S rf~ n v

~7 J~Yer

r - ~ 7 ~ </

-~ g Vv ~

-I-Cy -cy
—— —— -I—
Suberitical Reynolds number Supercritical Reynolds number

Sketch (=a) Sketch (b)

The surveys indicate that, at subcritical Reynolds numbers (sketeh (a)),
the flow separates at the left leading corner because of the strong
adverse pressure gradient and that the stream is deflected in a direction
which produces & force into the cross-wind component (+cy). However,

at supercritical Reynolds numbers (sketch (b)), the flow remaine attached
and is deflected an amount approximately equael to the angle of flow inci-
dence ¢, ag indicated by both the tuft surveys and the agreement with
the flat-plate theory (-2x sin ¢). The adverse gradients are consider-
ably more severe for the square cylinders having the sharper corners
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GgL = 0.080) than for those having values of %L of 0.245; therefore,

o o]

the separated flow persists to a much higher Reynolds number (fig. 12(a)).

Although supercritical Reynolds numbers are not attalned for the cylinder

with %L = 0.080, the results indicate that transition begins at a Reynolds
(o]

nunber of about 1,500,000, and, at the highest Reynolds number sattained,

the sectlon slde-force coefflcient has decreased to almost zero. It is

interesting to note that the critical Reynolds number, if besed on corner

redius, would be approximately the same for the two cylinders.

The results presented in the lower part of filgure 12(a) indicate
that the section side-force characteristics for the triangular cylinder
are conslderably different from those of the square cylinders. At low
Reynolde numbers a smell negative side-force coefficlent ocecurs, whereas
at the higher Reynolds numbers a falrly large positive side-force coef~
ficlent occurs. This general trend 1ls opposite to that observed for the
square cylinders and might be explained by the following sketches which
are based on tuf't studles:

Subecritical Reynolds number Supercritical Reynolds number
Sketch (e) Sketeh (4)

At subcritical Reynolds numbers (sketch (c)), the flow separates at both
leading corners, and only & small negative side-force coefficient is
developed. However, at superecritical Reynolds numbers, the flow attaches
on the right-hand corner (sketch (d)), which has the least adverse pres-
sure gradient, and 1s deflected in a direction that produces a positive
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side force. Note that the flow is deflected in the same direction by
the triangular cylinder at supercriticel Reynolds numbers (sketch (d))
a8 by the square cylinder at suberitical Reynolds numbers (sketch (a))
and this fact apparently accounts for the opposite trends with Reynolds
number between the two cross sections.

Figure 12(b) presents the variation of section side-force coefficient
with Reynolds number for the cylinders having diamond and rectangular
cross sections at a flow incidence of 10°. The results obtalned with
the diamond cross sections (see upper plot of fig. 12(b)) show relatively
little effect of Reynolds number, asnd, as might be expected, the side-force
cheracteristics are somewhat similer to those of the triangular cylinder
(see lower plot of fig. 12(a)). The lower plot of figure 12(b) presents
8 comparison of the results obtained for the two rectanguler cylinders
and for the square cylinder; the trends with Reynolds number are essen-
tially the same for all three cylinders. The flow studies previously
presented for the square cylinder apparently elso epply for the rectan-
gular cylinders; therefore, no further discussion willl be given except
to point out sgain that the changes in criticel Reynolds numbers are
associated with the fact that the Reynolds numbers in the present inves-
tigation are based on e¢g rather than corner radius. In order to illus-
trate this fact, the results for the square and rectangular cylinders are
presented as a function of Reynolds number based on corner radius in
figure 12(e).-

In figure 12, side-force results were presented for only one angle
of flow incidence. Figure 13 summsrizes the variation of section side-
Torce coefficient with flow incidence for all the cylinders of the present
investigation and for those of references 7, 8, and 14. Results, where
avallable, are shown for Reynolds numbers of 1,000,000 end 200,000. Also

shown 1s the theoretical value for a flat plate <:§§5§§§§g . The top

1 -
plots of figure 13 show the changes in the varistion of side-force coef-
ficient with flow incidence as the cross section graduaelly changes from
a rectangle with major axls normasl (when ¢ = 0° to the flow to an
NACA 0015 sirfoil section alined (when ¢ = 0°) with the flow. At the
lower Reynolds number the curve for the initial rectangular cross section
differs greatly from the theoretical curve for the flat plate, but this
difference diminishes as the airfoll section is spproached. The results
also indicate that at the higher Reynolds number the varliation of cy‘
with ¢ approaches that for the flat plate regardless of cross-sectionsal
shape. Although interesting observations can also be made with regard
to the results presented in the bottom of flgure 13, they are not dis-
cussed here since they will be considered in connection with epplication
to directional stability.
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Directional Stability and Spinning Characteristics
of Three~Dimensional Bodies

In order. to illustrate the degree to which the side-force character-
istics of the two-dimensional cylinders might be indicative of the direc~
tionel stabllity characteristics of three-dimensionel bodies at high
engles of aettack, tests have been made on one clrcular-cross-section
fuselage and on two rectangular-cross-section fuselages. The fuselages
(see table I) were tested at an angle of sldeslip of 5° through en angle-
of-attack range from 0° to 24°, and the side-force coefficient (based on
maximum cross-sectional area) developed is presented in the upper plot
of figure 14. The side-force coefficlent, rather than the yawing-moment
coefficient, was selected because the yawing moment 1s dependent upon the
partlculer moment reference point selected and because exlsting methods
of applying two-dimensional dete to three-dimensional bodles appear to
be more successful with regard to the overall force than with regard to
the distribution of the force (fig. 9 of ref. 15). The results indicate
that the side force developed by the fuselage having a circular cross
gection was relatively independent of angle of attack. However, the side
force developed by the fuselages having rectangular cross sections was
greetly dependent upon angle of attack, especially for the rectangular
fuselage with the major exis vertical and this result is in general
agreement wlth the trends indicated in reference 1, It should be men-~
tioned that for current alrecraft, with thelr long fuselsge noses and
ghort taill lengths, the slde-force characteristics indicated for the
rectanguldar fuselages would tend to increase the fuselage directional
instebility at high angles of attack and supercriltical crossflow Reynolds
numbers.

The side-force varlation for the three fuselages, as estimated with
the sld of the two-dimensionsl-cylinder date, is presented in the lower
part of figure 14. It should be pointed out that, for the suberitical
crogsflow Reynolds numbers which exlsted in the three-dimensional tests,
the slde forces developed on the two~-dimensionsl cylinders would result
in a trend with angle of attack opposite to that encountered on the three-
dimensional bodies and that 1t was necessary to use supercritical values

to obtaeln a reasonable correlation. This fact, however, 1s not surprising

in view of the rather large degree of interdependence between the cross-
flow and the axial flow obgerved in references 4 and 5 for angles of

attack up to 30° or 4O°, Although considerable variation exists between
the messured and estimaeted side forces for each of the rectangular fuse-

'7_ lages, the general trend, with regard to the effect of fuselage cross

gection, appears to be sufficiently well deflned to allow the use of two-
dimensional cylinder datse in the selection of fuselage cross sections.
Mso, a more rigorous method of applying the two-dimensional data might
be expected to result in better agreement. In view of the shortcomings




NACA TN 4176 13

of the methods currently asvallsble, the use of the simplified method

was belleved to be Justified. In thls method it was assumed that the
small potential force on the boattalled afterbody, as predicted by
theory, was not attalned because of afterbody separation. The potential-
flow contribution to the slide force was therefore restricted to the
expanding section of the nose, and the potentisl side-force coefficient
is given by the following expression (ref. 3):

5 |
(¥)potentiar = - 5793 (1)

The side-force coefficient 1s based on the maximum cross-sectional area
of the fuselage. In using the
two-dimensional cylinder data
to estimate the nonpotentisal
side force contributed by the
crossflow, 1t is necessary to
relate the angles of attack
and sideslip and the free-
stream dynamlic pressure of the
three-dimensional body to the +- —
crossflow incidence and
dynamlic pressure as indicated
in sketch (e). From this
sketch, it can be seen that

tan ¢ = ten B Vecos B sina
sin o

Also, inasmuch as ¢ = %pv2 and
2
n = 3oVn , then

V sin B

qy = q(cosEB sinam + sin2ﬁ)

Sketch (e)

From these relationships, the nonpotential side-force coefficient can be
written as follows:

'S(coszﬂ sin2a + sineﬁ)

A

%y (2)

(CY)nonpotential =

where S 1s an effective side area of the fuselage and cy‘ is the two-
dimensional side-force coefficient corresponding to ¢ and cen be obtained
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from figure 13 or from the baslc data plots presented in figures 4 to 8.
In using figs. 4 to 8, it must be kept in mind that cy' = ¢y =
o

Adding equations (1) and (2) gives for the total side-force coefficient

2 2 2
_ 28 . cy'S cos“B sin“a + sin B)

Cy = - (3)
o T53 A

For the speeial case of clrcular cross sections,

cy' = cg sin ¢

and

cs8 '
Cy = - =2 + 4" sin pyfcos®p sinfa + sin2p (4)

513 07

The best method of selecting the effective side area S for the
various fuselages is not obvious. The results presented in reference 15
for fuselages having circular cross sections Indicate that, because of
the favorable pressure gradients, little crossflow separation occurs on
the expending section of the nose. Therefore, it would sppear that for
circular fuselages the side areas rearward of the nose tangency point
might be a reasoneble approximation. However, for the rectanguler fuse-
lages the favorable gradients on the nose may increase the chances of
encountering (even at low crossflow Reynolds numbers) the large side
forces encountered on the two-dimensional cylinders at supercritical
Reynolds numbers. This, in addition to the fact that the adverse gra-
dients over the tapered afterbody probably deter the development of the
large side forces, would suggest the use of the side ares shead of the
tapered afterbody for the rectangular fuseleges.

If the direct fuselage forces for current alrecraft, with their long
fuselage noses and short tail lengths, are contributed mainly from the
portion of the fuselage ahead of the wing, then 1t would be desirable
from a static-directional-stablility standpoint to employ & cross section
which develops a positive slope of Cy agalnst ¢. When only the high
Reynolds number results of figure 13 are consldered, the square cross
section wilth %L = 0,080 and the triangular cross section with rounded

o
corners appear to be the most desirable crosg sections of those tested
with regard to statlc directional stabllity et high angles of attack.
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As previously pointed out, the axlal flow 1s important for angles
of attack up to 30° er 40%; however, for higher angles of attack, such
as encountered often In spins, the axlel flow has relatively little effect
on the crossflow characteristics. Thus, for certaln cross sectlons, con-
sidersble difference between model and flight spln characteristics could
posslibly be encountered because of the differences 1in crossflow Reynolds
number. From figure 13, it appears that the rectanguler and square cross
sections with corner radili would be particulerly susceptible to scale
effects. Although comparisons between model end flight tests are not
avalileble for these cross sections, low-scale tests of fuselages having
rectangular and elliptical cross section (ref. 2) tend to substantiate
the applicability of the two-dimensional date and, therefore, reinfovce
somewhat the possibility of important scale effects. Figure 15 presents
the results of the spln tests of reference 2 along with the results of
the two-dimensional cylinders. In the upper part of figure 15 the
yawing-moment coefficient due to spinning 1s presented as a function of
the rate of spin for fuselages having rectanguler end elliptical after-
bodies. The damping moment is considerably less for the rectangular
than for the elliptical afterbody, and at the lower spin rates a pro-
pelling moment is probably generated for the rectengular afterbody. This
result is in qualitative agreement with the results for the two-dimensional
cylinders of the present investigation, as can be seen from the lower part
of figure 15. The side-force coefflcient developed on rectangular and
elliptical cylinders at flow incidences corresponding to those encountered
at the base of the fuselage during the spin i1s presented and it will be
noted that the characteristics are similar to those obtained in the spin.
The results presented in figure 13, however, indicate that the particular
effects of cross section indiceted in figure 15 would be essentially
eliminated at a crossflow Reynolds number of 1,000,000. Considerable
care must therefore be exercised in predicting spln-recovery character-
igtics from tests of the model at low Reynolds number. Wlth regard to
the cross-sectional shapes that mlight be desirable from the standpoint
of spin recovery, those having negative slopes of side force sgainst
angle of incidence would be expected to provide aerodynamic dampling and
would, therefore, be desirsble. This side-force requirement is, of course,
opposite to that discussed previously for static directional stebility
contributed by the forebody, and, based on results at a Reynolds number
of 1,000,000, it appears that sharp leading corners &as well as dlamond
end trisnguler cross sections should be avolded. However, verification
ig needed at Reynolds numbers closer to those encountered in flight.

CONCLUDING REMARKS

The results obtained from tests of varlous two~dimensional cylinders
indicated that flow incidence, Reynolds number, and cross-sectional shape
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have rather large effects on thelr serodynsmic characteristiecs. The
glide force developed 1s especlally critical and very often undergoes a
change in sign with a change in Reynolds number. These slde forces,
which can be very large, appear to have rather strong implications with
regard to directional stablllity characteristics of three-dimensional
bodles at high angles of attack, and desireble end undesirable cross-
gectional shapes, as determined from the two-dlmensionsal tests, are
indicated. The results are particularly spplicable to spin character-
igtics since the high angles of attack often encountered minimize the
axial-flow effect, and the results also indicate that, for certain cross
sections, care must be exercised in using test results obtalned at low
Reynolds numbers to predict full-scale spin-recovery characteristics.

Langley Aeronsutical ILaboratory,
National Advisory Committee for Aeronsutics,
Langley Field, Va., September 17, 1957.
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Figure 2.- Details of two-dimensional cylinders.
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L-93699

(v) Photograph (taken from downstream side) of triangulsr cylinder  :

mounted in wind tunnel.

Flgure 2.~ Concluded.’
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Figure 10.- Theoretical pressure distribution around various cross
sections.
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(b) Estimated from two-dimensional-cylinder data by using equations (3)
and (4).

Figure 1li.- Effect of fuselage cross section on side-force coefficient
developed on three-dimensional body.
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Figure 15.- Corparison of yawing-moment coefficient in spin (obtained
from ref. 2) with side-force coefficient developed on two-

dimensional cylinders.
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